gdnf Activates Midline Repulsion by Semaphorin3B via NCAM during Commissural Axon Guidance  by Charoy, Camille et al.
Neuron
Articlegdnf Activates Midline Repulsion
by Semaphorin3B via NCAM
during Commissural Axon Guidance
Camille Charoy,1,4 Homaira Nawabi,1,4 Florie Reynaud,1 Edmund Derrington,1 Muriel Bozon,1 Kevin Wright,2 Julien Falk,1
Franc¸oise Helmbacher,3 Karine Kindbeiter,1 and Vale´rie Castellani1,*
1University of Lyon, University Claude Bernard Lyon1, CGphiMC UMR CNRS 5534, 69622 Villeurbanne, France
2Department of Neuroscience, Howard Hughes Medical Institute, The Solomon H. Snyder Department of Neuroscience, Baltimore,
MD 21205-2185, USA
3IBDML, University of Marseille Luminy, 13009 Marseille, France
4These authors contributed equally to this work
*Correspondence: valerie.castellani@univ-lyon1.fr
http://dx.doi.org/10.1016/j.neuron.2012.08.021SUMMARY
The Neurotrophic factor gdnf plays diverse develop-
mental roles, supporting survival and also acting
as a chemoattractant for axon and cell migration.
We report that in the developing spinal cord, a focal
source of gdnf is present in the floor plate (FP) where
commissural axons cross the midline. Gdnf has
no direct guidance properties but switches on the
responsiveness of crossing commissural growth
cones to the midline repellent Semaphorin3B by
suppressing calpain-mediated processing of the
Sema3B signaling coreceptor Plexin-A1. Analysis of
single and double mutant mouse models indicates
that although gdnf is the principal trigger of Sema3B
midline repulsion, it acts with another FP cue,
NrCAM. Finally, genetic and in vitro experiments
provide evidence that this gdnf effect is RET inde-
pendent and mediated by NCAM/GFRa1 signaling.
This study identifies a regulator of midline crossing
and reveals interplays between Semaphorin and
gdnf signaling during axon guidance.
INTRODUCTION
The glial cell line-derived neurotrophic factor (gdnf), which
constitutes together with neurturin, artemin, and persephin the
gdnf family ligands, plays diverse functions during the formation
of the nervous system (Paratcha and Ledda, 2008). It promotes
the survival of midbrain dopamine neurons and motoneuron
subsets and contributes to the proliferation, migration, and
differentiation of enteric neural crest-derived cells (Gershon,
2010). Gdnf also influences axon extension, acting as an axon
growth promoter and a chemoattractant for various neuronal
projections (Paratcha et al., 2006, Paratcha and Ledda, 2008;
Schuster et al., 2010). Hence, a focal source of gdnf at the
dorsal basis of the limb was found cooperating with the EphrinNeusignaling to control the dorsoventral choice of motor axon
branches in their final target (Kramer et al., 2006; Dudanova
et al., 2010). Gdnf mediates these effects via two main signaling
receptors, the tyrosine kinase RET and the IgSuperFamily cell
adhesion molecule (IgSFCAM) NCAM, both of which require
the GPI-linked GFR family member GFRa1 as a coreceptor for
proper ligand binding and activation (Paratcha and Ledda,
2008). In addition, the heparan sulfate proteoglycan syndecan-
3 has been recently implicated in gdnf-mediated migration of
cortical neurons (Bespalov et al., 2011) and other receptors
may exist because gdnf was reported to stimulate the migration
of cortical interneurons arising from the medial ganglionic
eminence via a GFRa1-dependent signaling receptor distinct
from RET and NCAM (Perrinjaquet et al., 2011). These different
receptor types do not appear to mediate specific distinct gdnf
functions. For example, both RET and NCAM have been re-
ported to mediate the gdnf chemoattractive effect on the migra-
tion of enteric and rostral migratory stream (RMS) neurons,
respectively (Natarajan et al., 2002; Paratcha and Ledda, 2008).
While gdnf has been shown to guide the navigation of
neuronal projections in the periphery (Paratcha and Ledda,
2008), little is known concerning whether gdnf influences axon
guidance in the central nervous system (CNS). Indeed, analysis
of gdnf null embryos revealed reduced numbers of various
neuron subtypes, such as motoneurons, sensory neurons, and
sympathetic neurons, imputable to the gdnf-mediated survival
function. However, no obvious axonal defects in the CNS have
been reported (Rahhal et al., 2009). In contrast, its deletion
was shown to have drastic consequences in the periphery, for
example, in muscle innervation (Haase et al., 2002; Kramer
et al., 2006; Paratcha and Ledda, 2008). By investigating gdnf
expression pattern in a gdnf lacZ transgenic mouse line, we ob-
served a prominent and restricted gdnf source in the CNS floor
plate (FP). The FP plays a key role in the formation of CNS
neuronal circuits, segregating commissural projections that
cross the midline to connect contralateral targets from ipsilateral
projections innervating targets from the same side (Evans and
Bashaw, 2010; Che´dotal, 2011; Nawabi and Castellani, 2011).
A complex multistep guidance program controls the trajectory
of commissural projections. In the spinal cord, commissuralron 75, 1051–1066, September 20, 2012 ª2012 Elsevier Inc. 1051
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toward the FP by several attractive FP cues, Netrin1, Shh, and
VEGF (Charron and Tessier-Lavigne, 2005; Ruiz de Almodovar
et al., 2011). Upon midline crossing, commissural axons acquire
responsiveness to several local FP repellents, among which
are Slits and Semaphorin3B, which expel them from the FP
(Che´dotal, 2011; Nawabi and Castellani, 2011). At the FP exit,
commissural axons are oriented rostrally by anteroposterior
gradients of Wnts and Shh (Lyuksyutova et al., 2003; Bourikas
et al., 2005).
This prompted us to investigate the role of the FP-derived
gdnf source during commissural axon guidance in the spinal
cord. We show that gdnf deficiency in mice induces no navi-
gational defects toward the FP but stalling and aberrant
crossing and postcrossing (PC) trajectories. Gdnf has no direct
repulsive or attractive property but unexpectedly confers
responsiveness to the midline repellent Semaphorin3B, acting
through NCAM, but not the RET receptor. Gdnf achieves
this effect by stopping calpain1-mediated processing of the
Sema3B signaling coreceptor Plexin-A1, thus allowing its cell
surface expression on crossing commissural axons and the
gain of response to Sema3B. Finally, analysis of double hetero-
zygous and homozygous mouse lines indicates that although
gdnf has a key contribution, it acts with a second FP cue,
NrCAM, to switch on the repulsive response of commissural
axons to Sema3B. This study provides insights into the spec-
trum of action of gdnf and identifies a player in commissural
axon guidance.
RESULTS
The FP Produces and Secretes gdnf
Gdnf expression pattern was investigated in a gdnf lacZ reporter
mouse line, which allows the endogenous gdnf expression to
be followed using the bgalactosidase signal. A prominent and
focal lacZ staining was detected in the FP at embryonic day (E)
11.5, at the time commissural projections are navigating in the
spinal cord (Figure 1A). In flattened whole-mount spinal cords,
designated ‘‘open books,’’ the lacZ staining concentrated close
to the midline (Figures 1B–1D), while immunolabelling with
anti-gdnf antibody showed that the protein distributes in the
entire FP (Figure 1E). To further demonstrate that the FP secretes
gdnf, we took advantage of an assay that we recently set up
(Nawabi et al., 2010; Ruiz de Almodovar et al., 2011), consisting
of microdissection and culture of isolated FP tissue for pro-
duction of conditioned medium (FPcm). gdnf could be detected
in dot blots performed with sample of FPcm prepared from
E12.5 embryos, thus showing that it is secreted by FP cells
(Figure 1F).
Gdnf Deficiency Does Not Impair Commissural Axon
Navigation toward the FP
Next, we investigated whether the FP gdnf source contributes to
commissural axon navigation in vivo by analyzing commissural
projections in gdnf lacZ null embryos. We first examined whether
gdnf deficiency affects the general organization of the spinal
cord. In situ hybridization and immunohistochemistry was per-
formed on E11.5 transverse sections to detect Neurogenin1,1052 Neuron 75, 1051–1066, September 20, 2012 ª2012 Elsevier Inca transcription factor expressed by dorsal interneurons, and
the FP markers netrin1, Shh, and Wnt4. The expression patterns
of these different markers were comparable between null and
wild-type (WT) embryos, indicating that the loss of gdnf does
not apparently affect the corresponding cell populations (Figures
1G and 1H; see Figure S1A available online). Furthermore, at
both stages, axon patterns in the spinal cord detected with
general neuronal marker (Nf160kD) were not modified by the
gdnf deficiency (Figure 1I).
Then, to assess whether gdnf is required for commissural
axons to reach the FP, we analyzed the pattern of commissural
projections in cross-sections of gdnf+/+, gdnf+/, and gdnf/
embryos with commissural (Robo3, DCC) markers. No differ-
ence was detected between homozygous, heterozygous, and
wild-type embryos as, in all cases, commissural axons were
seen to reach the FP with comparable trajectories and fascicu-
lation state (Figure 1J).
Gdnf Deficiency Alters Crossing and Postcrossing
Commissural Axon Guidance
Alternatively, gdnf could influence the pathfinding of commis-
sural axons within and after FP exit. Therefore, we examined
crossing and postcrossing commissural trajectories in spinal
cord open book preparations from the gdnf mouse line. Small
crystals of DiI were inserted in the dorsal spinal cord domain of
E12.5 and E13.5 open books to allow the tracing of discrete
axonal tracts (number of embryos: 8/, 9+/, and 16+/+
from four different littermates). Three classes of trajectories
were defined as follows: the ‘‘normal class’’ was when commis-
sural axons crossed the FP and turned rostrally, the ‘‘stalling
class’’ was when commissural axons were arrested in the FP,
and the ‘‘defective turning class’’ was when commissural axons
turned prematurely before or within the FP or turned in an aber-
rant rostrocaudal direction (Figure 2A). At E12.5, we observed
that the proportion of fiber tracts found to cross the midline
and turn rostrally in the WT embryos (normal class) was signifi-
cantly reduced in the homozygous and heterozygous embryos.
Instead, the axons essentially stalled in the FP (Figure 2B). To
determine whether this behavior resulted from a developmental
delay, we examined the commissural trajectories 1 day later.
Interestingly, at E13.5, the proportion of stalling fiber tracts
was no longer different between the genotypes but the pro-
portion of axon tracts exhibiting errors of rostrocaudal choice
(defective turning class) was significantly higher in the homozy-
gote and heterozygote embryos compared to the WT ones
(Figure 2B). Thus, loss of gdnf disturbs commissural axon path-
finding during FP crossing.
Gdnf Has No Collapse Activity on Commissural
Growth Cones
The lack of precrossing defects in the context of gdnf deficiency
suggested that gdnf does not act as a relevant chemoattractant
for commissural axons. Therefore, we investigated whether
gdnf provides them repulsive information by using in vitro
collapse assays. Dissociated E12.5 commissural neurons were
cultured as described in Nawabi et al. (2010) and exposed to
gdnf. Application of a known commissural repellent, slit1,
and a known commissural attractant, netrin1, was performed.
Figure 1. gdnf Is Secreted by the FP and Does Not Impact on Precrossing Commissural Axon Guidance
(A) Schematic drawing of commissural axon pathfinding from precrossing to postcrossing steps; gdnf expression in the FP, detected by bgalactosidase reaction
of cross-sections of E11.5 embryos from gdnf lacZ transgenic mouse line.
(B) Schematic drawing of open book preparation.
(C) Detection of gdnf with lacZ staining in E12.5 open books illustrating gdnf expression in the FP.
(D) Detection of islet1 with lacZ staining combined with immunohistochemistry in open books illustrating gdnf expression along the entire spinal cord. Ant,
anterior; Post, Posterior.
(E) Immunodetection of gdnf with anti-gdnf antibody illustrating the protein distribution in the FP of E12.5 open books.
(F) Immunodetection of gdnf in dot blot in samples of FPcm showing that gdnf is secreted by FP cells.
(G and H) In situ hybridization in E11.5 transverse sections illustrating the pattern of Netrin1 (G) and shh mRNA (H) in gdnf/ and gdnf+/+ embryos.
(I) Immunolabeling of Nf160kd in E11.5 (two left panels) and E12.5 (two right panels) transverse sections showing no difference of axon trajectories in gdnf+/+ and
gdnf/ embryos.
(J) Immunolabeling of DCC and Robo3 in E12.5 transverse sections showing no difference of precrossing commissural axon trajectories in gdnf+/+ and gdnf/
embryos. Scale bars represent 100 mm.
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Figure 2. gdnf Deficiency Impairs Commissural Axon Pathfinding in the FP and Switches on Responsiveness to the Sema3B Repellent
(A) Illustrations of commissural axon trajectories traced with DiI crystals inserted in the dorsal domain of open book preparations. The FP is delineated with green
dotted lines. Classification into three categories is as follows: A, normal, rostrocaudal turning after FP crossing; B, stalling in the FP; and C, various defective
behaviors as premature and caudal turning. Scale bar represents 100 mm.
(B) Histograms of the commissural axon behaviors (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ANOVA-1 test) in gdnf+/+, gdnf+/, and gdnf/ embryos at
E12.5 (number of crystals/number of embryos: 63/9 for gdnf+/+, 17/4 for gdnf+/, 50/6 for gdnf/) and E13.5 (number of crystals/number of embryos: 70/7 for
gdnf+/+, 55/6 for gdnf+/, 36/4 for gdnf/), showing that gdnf deficiency induces defective guidance choices in the FP.
(C) Collapse assays on E12.5 dissociated commissural neurons. Application of Slit1, but not netrin1, Shh, or gdnf, induced collapse of commissural growth cones.
Number of growth cones: 195 for cont, 290 for Shh, 313 for Netrin1, 212 for gdnf, 280 for slit1; two independent experiments.
(D) Histogram showing that application of gdnf triggered a collapse response of commissural neurons to Sema3B, as did the FPcm (mean ± SEM; *p < 0.05; **p <
0.01; ***p < 0.001; ANOVA-1 test). Number of growth cones examined: 312 for cont, 213 for FPcm, 323 for gdnf-400ng, 111 for gdnf-200ng, 157 for FP/gdnf; three
independent experiments, two coverslips per experiment.
(E) Treatment of commissural neurons with FPcm did not reveal a collapse activity of gdnf. Number of growth cones: 221 for cont, 312 for gdnf/FPcm, 157 for gdnf;
two independent experiments.
(F) Photomicrographs illustrating commissural growth cones after various treatments. Scale bar represents 15 mm.
(G and H) Photomicrographs and histograms of the guidance index in cocultures of dorsal explants with HEK secreting cont, gdnf, or Sema3B. The data illustrate
that gdnf has no direct guidance activity but sensitizes commissural axons to Sema3B repulsion. Scale bar represents 50 mm (mean ± SEM; *p < 0.05; **p < 0.01;
***p < 0.001; Mann-Whitney U test).
(I) Collapse assays performed with regular FPcm, FPcm from gdnf+/+, and gdnf/. The histogram shows that the FPcm-gdnf+/+, but not the FPcm-gdnf/, could
confer to commissural growth cones a collapse response to Sema3B (3B) (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ANOVA-1 test). The dot blot shows
gdnf detection in FPcm from control gdnf+/ tissue, but not from gdnf/ tissue.
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commissural growth cones, compared to the control treatment.
Unlike Slit1, gdnf treatment failed to induce a collapse response
of commissural growth cones (Figures 2C–2F). Thus, gdnf did
not appear to have a direct collapse function on commissural
axons.1054 Neuron 75, 1051–1066, September 20, 2012 ª2012 Elsevier IncGdnf Confers Responsiveness of Commissural Axons
to the Midline Repellent Semaphorin3B
Several studies have demonstrated that the sensitivity of
commissural axons to FP repellents is switched on after midline
crossing (Evans and Bashaw, 2010; Che´dotal, 2011; Nawabi and
Castellani, 2011). We previously showed by conditioning culture.
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responsiveness of commissural axons to the midline repellent
Sema3B (Nawabi et al., 2010). Interestingly, the defects resulting
from gdnf invalidation resembled those induced by the loss of
Semaphorin3B or its signaling coreceptor Plexin-A1, suggesting
that gdnf could be the cue. To assess this idea, we applied gdnf
and FPcm as positive control to cultured commissural neurons
prior to Sema3B application. Strikingly, this experiment revealed
that gdnf could recapitulate the effect of the FPcm, triggering
Sema3B-induced collapse response of commissural growth
cones (Figures 2D–2F). We also investigated whether gdnf could
have, as Sema3B, an FP-triggered collapse activity. To assess
this idea, we exposed commissural neurons to gdnf alone and
combined it with FPcm. Analysis of the growth cone response
indicated that none of these conditions were sufficient to reveal
a collapse activity of gdnf (Figure 2E).
To further confirm these results, we cocultured dorsal spinal
cord explants with HEK cell aggregates secreting cont, gdnf,
or Sema3B and examined axon trajectories as described in
Falk et al. (2005). We observed that commissural axons freely
grew away and toward the cell aggregate in the control and
gdnf condition, indicating that gdnf does not act as a chemoat-
tractant and a chemorepellent for these axons (Figure 2G).
Equally, no growth constraint was observed in the Sema3B
condition. In contrast, application of gdnf prevented axon
growth toward the Sema3B-HEK cell aggregates (Figure 2H).
This thus confirmed that gdnf switches on the repulsive
response of commissural axons to Sema3B. According to these
results, gdnf might contribute to the functional properties of the
FPcm, and thus depleting gdnf from the medium should impact
on the FPcm-mediated collapsing activity. To address this ques-
tion, we produced FPcm from gdnf+/+ and gdnf/ embryos
and tested their activity in collapse assays. As expected,
application of FPcm from gdnf+/+ (FPcm-gdnf+/+), but not from
gdnf/ (FPcm-gdnf/), embryos efficiently sensitized commis-
sural growth cones to Sema3B, as did the FPcm produced
from wild-type OF1 used in the previous experiments (Figure 2I).
Gdnf Mediates Suppression of Calpain1 Activity
and Triggers Increase of Plexin-A1 Levels
in Commissural Neurons
We found previously that FP signals contained in the FPcm
trigger the gain of responsiveness to Sema3B by suppressing
an endogenous protease activity mediated by calpain1 in com-
missural neurons. Thus, calpain cleaves Plexin-A1 and prevents
its cell surface expression prior to crossing (Nawabi et al., 2010).
If gdnf is involved in this regulation, then it should suppress
calpain activity and increase Plexin-A1 levels in commissural
neurons. We addressed these issues in several ways. First,
commissural tissue was microdissected and stimulated ex vivo
with gdnf or with FPcm as positive control and with control super-
natant as negative control. The tissue was lysed and processed
to measure endogenous calpain activity. We observed that
similar to FPcm, gdnf strongly decreased calpain1 activity in
commissural tissue (Figure 3A). Second, calpain activity was
detected in living cultures of dissociated commissural neurons
with the fluorescent reporter t-BOC, whose cleavage by calpain
produces a fluorescent signal (see Experimental Procedures).NeuThe cultures were treated with gdnf, FPcm, or control superna-
tant. We observed a significant 2-fold decrease of the proportion
of cells exhibiting high t-BOC fluorescence in the FPcm and gdnf
conditions, compared with the control one (Figure 3B). Third,
commissural tissues were stimulated ex vivo with gdnf, or
control supernatant, then lysed and processed for detection of
Plexin-A1 protein by western blot. We observed that gdnf
application resulted in increased levels of full-length Plexin-A1
(Figure 3C). In parallel, the Plexin-A1-processed fragments in
commissural tissue were decreased by gdnf stimulation (Fig-
ure 3D). Fourth, we quantified Plexin-A1 level in cultured
commissural neurons and found a significant increase of
Plexin-A1 fluorescence in the gdnf-treated condition, compared
with the control condition (Figure 3E). Fifth, comparable experi-
ments on cultured commissural neurons were conducted using
FPcm-gdnf+/+ and FPcm-gdnf/. In contrast to the FPcm produced
from gdnf+/+ embryos, the FPcm lacking gdnf failed to decrease
the proportion of t-BOChigh neurons (Figure 3F). Similarly, we
observed that the genetic removal of gdnf resulted in a lack of
increase of Plexin-A1 levels (Figure 3G). Application of the
FPcm-gdnf+/+ significantly increased Plexin-A1 levels, although
its activity was lower than that of the regular FPcm, due to the
dilution constraint imposed by the production procedure (see
Experimental Procedures).
Gdnf and NrCAM FP Sources Cooperate to Switch on
Sema3B Repulsion
In previous work, FP NrCAM was identified as a trigger of
commissural responsiveness to Sema3B. We therefore investi-
gated the respective role of NrCAM and gdnf by generating
a double gdnf/NrCAM mouse line. The general morphology of
dorsal neuron lineages and FP cells was assessed with Ngn1,
Shh, and Netrin1 and no obvious differences were observed in
the different genetic contexts (Figure 4A, Figure S1B). Similarly,
the general axon patterns observed with the neuronal marker
NF160kD were comparable (Figure 4A). The pattern of precross-
ing commissural projections investigated in E12.5 transverse
sections using commissural markers (DCC, Robo3) was also
comparable in all cases, revealing no striking abnormalities in
the fasciculation state and trajectories of commissural axons
toward the FP in context of gdnf/NrCAM deletion (Figure 4B).
We then analyzed the consequences of the NrCAM and gdnf
single or double deletion on crossing and postcrossing commis-
sural axon guidance. The Sema3B/Plexin-A1 was found in our
previous work to induce stalling in the FP and aberrant turning.
NrCAM deletion recapitulated these phenotypes only partially,
because only stalling of commissural axons and no turning
defects were observed (Nawabi et al., 2010; Figures 4C and
4D). Deletion of the two gdnf alleles resulted in abnormal turning
behavior, which was not observed when one gdnf allele re-
mained (Figures 2A and 2B). These results suggest that neither
cue is redundant, and both are required to ensure appropriate
axon guidance across the FP. In the gdnf/NrCAM line, turning
defects were prominent when both gdnf and NrCAM were inva-
lidated (Figures 4E–4G). However, removal of a single allele from
both genes also produced turning defects, indicating that
this context was not sufficient to maintain a normal turning
behavior of commissural axons. Moreover, these turningron 75, 1051–1066, September 20, 2012 ª2012 Elsevier Inc. 1055
Figure 3. gdnf Suppresses Calpain Activity and Upregulates Plexin-A1 Levels in Commissural Neurons
(A) Procedure used to measure calpain activity in commissural tissue and histogram of a representative experiment showing the inhibiting activity of FPcm and
gdnf treatments (total of three independent experiments).
(B) Calpain activity visualized by the t-BOC fluorescence in cultured commissural neurons. The arrows depict examples of high t-BOC cells (white arrows) and low
t-BOC cells (yellow arrows). The magnified panels illustrate high and low t-BOC fluorescence in the soma and the axon shaft (mean ± SEM; *p < 0.05; **p < 0.01;
***p < 0.001; ANOVA-1 test). Scale bar represents 50 mm.
(C) Representative western blot showing that treatment of fresh commissural tissue with gdnf, calpain inhibitor ALLn, and gdnf/ALLn all resulted in increase of
integral Plexin-A1 level, compared with control treatment. NT, negative control lysate of untransfected COS cells.
(D) Western blot showing the PlexinA1-processed fragments in control commissural tissues and their decrease by gdnf stimulation. Right: Plexin-A1-processed
fragments can be detected in COS7 cells transfected with a Plexin-A1 vector, but not in nontransfected cells (NT).
(E) Photomicrographs of Plexin-A1 immunolabeling in cultured commissural neurons treated with control and gdnf and histogram of the quantification showing
that gdnf upregulates Plexin-A1 levels (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; Student’s t test, 60 cells per condition, three independent experiments).
Scale bar represents 15 mm.
(F) Histogram of calpain activity in cultured commissural neurons showing that application of FPcm-gdnf+/+, but not of FPcm-gdnf/, could reduce the proportion of
high t-BOC cell population.
(G) Histogram and photomicrographs illustrating that application of FPcm-gdnf/, but not of FPcm-gdnf+/+, to cultured commissural neurons failed to increase their
level of Plexin-A1, compared with cont treatment (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ANOVA-1 test). Scale bar represents 20 mm.
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were not yet observed in the gdnf/ embryos (Figures 4E–
4G). Two-way ANOVA was used to assess the interactions of
gdnf and NrCAM in the gdnf/NrCAM mouse line, which gave
a significant link (Figure S2A). Altogether, this suggests that
NrCAM and gdnf are both required and functionally coupled to
regulate FP crossing and turning of commissural axons.
To further assess the respective weight of NrCAM and gdnf,
we reasoned that it should be possible to analyze the conse-
quence of in vivo gdnf and/or NrCAM loss on Plexin-A1 levels
(Figures 5A–5F). Transverse sections of E12.5 embryos were
immunolabelled with Nf160kD and Plexin-A1 (n = 2 embryos
per genotype, 30 sections per embryo). Crossing and post-
crossing axon domains were delineated; the fluorescence signal
was quantified with ImageJ Software, normalized to the size,
and the Plexin-A1/Nf160kD ratio was compared between the
different genotypes. This analysis revealed that the ratio sig-
nificantly diminished in FP and PC domains after invalidation of
either gdnf or NrCAM; the strongest effect was obtained in
context of double deficiency, consistent with requirement for
both FP cues (Figures 5A–5F).
This reduction of Plexin-A1 protein level was not due to a
decrease of Plexin-A1 transcripts, which had comparable levels
in all genotypes, as shown by in situ hybridization performed
on E12.5 transverse sections (Figure S1B). Finally, cultures of
commissural neurons were exposed to variable combinations
of NrCAM and gdnf in order to mimic the in vivo context of allele
variations, and their growth cone collapse response to Sema3B
was investigated. We could observe that application of half of
the operationally defined optimal doses of gdnf and NrCAM
had a significantly more pronounced effect on the level of growth
cone collapse than the optimal dose of either. However, at lower
concentrations, this interaction could not be elicited reproduc-
ibly (Figure S2B).
The gdnf Effect Is NCAM, but Not RET, Dependent
Next, we asked which receptor mediates this gdnf modulatory
effect. Two major signaling receptors transduce the gdnf signal
in neurons, the tyrosine kinase RET and the IgSFCAM NCAM,
both of them requiring the GFRa1 coreceptor for high-affinity
ligand binding and receptor activation. We thus investigated
the expression patterns of these known gdnf receptors in
E12.5 embryonic cross-sections. RET expression could not be
detected along commissural axons using an anti-RET antibody
(Figure S3A). Moreover, in E12.5 cross-sections of RET-cfp
knockin mouse line in which the cfp had been fused to the RET
coding sequence, a fluorescent signal was seen in motoneurons
and motor branches exiting the ventral horn, but not along
commissural axons (Figure 6A). In contrast to RET, strong
NCAM expression could be seen along precrossing, crossing,
and postcrossing commissural axons, using antibodies to PSA,
the polysyalic acid carried by the core NCAM protein (Figure 6A,
Figure S3B). We also observed that like NCAM, GFRa1 was also
present along commissural axons. Notably, the GFRa1, but not
NCAM, immunolabeling was more intense along crossing axon
segments, whereas NCAM, but not GFRa1, distributed more
broadly along postcrossing axon segments (Figure 6A). NCAM/
GFRa1 colabeling was also performed in cultured commissuralNeuneurons. Confocal stack images showed that the proteins were
present in the soma, along the axon, and in the growth cone, pre-
senting both colocalization and individual distribution profiles
(Figure 6B). Overall, these observations indicated that NCAM
and GFRa1, but not RET, had the expected expression to
mediate the gdnf effect in commissural axons.
Next, we investigated the pattern of commissural projections
in mice lacking gdnf receptors by DiI tracing in open books. To
further rule out RET contribution, we analyzed a RET floxed
mouse line in which RET had been deleted in spinal commissural
neurons by crossing the line with a Wnt1-CRE line (Retfwnt1;
Charron et al., 2003). Observations of DiI tracing in E13.5 Retfwnt1
open books revealed no evidence of aberrant axon choices
during FP crossing. A moderate 10% increase of stalling was
observed after ablation of RET but no significant turning defects
were detected (Figure S3C). Next, commissural axon trajectories
were examined in open books from E13.5 NCAM knockout
mouse line (Figures 6C and 6D). In contrast, significant defects
of FP crossing and rostrocaudal turning were detected in the
NCAM null embryos, compared to the wild-type ones, which
were similar to those observed in the gdnf null embryos.
These in vivo analyses indicated that NCAM, but not RET, is
probably the commissural neuron receptor of gdnf. If so, inacti-
vation of NCAM, but not RET, should compromise the ability of
commissural neurons to be sensitized to Sema3B by gdnf in
our neuronal culture model. This was assessed by application
of a function blocking NCAM antibody and by the genetic loss
of NCAM. In both cases, we found that commissural neurons
failed to acquire the collapse response to Sema3B that was
normally triggered by gdnf (Figures 6E and 6F). Moreover, appli-
cation of function-blocking antibodies to GFRa1 also resulted
in a lack of commissural axon sensitization to Sema3B (Fig-
ure 6E). Collapse assays were also performed on RETfwnt1
neurons and revealed that they could acquire responsiveness
to Sema3B normally, thus confirming that RET is dispensable
for this process (Figure 6G). Thus, NCAM, but not RET, mediates
the gdnf regulation of commissural axon responsiveness to
Sema3B. Accordingly, invalidation of NCAM function should
compromise gdnf-mediated regulation of Plexin-A1 level and
calpain activity. To address these issues, we first cultured
NCAM/ and NCAM+/+ commissural neurons and exposed
them to control and gdnf application for quantification of
Plexin-A1. We observed that NCAM loss prevented gndf-
induced increase of Plexin-A1 levels (Figures 7A and 7B).
Second, the Plexin-A1/Nf160kD ratio in FP and PC domains
was determined in E12.5 NCAM+/+ and NCAM/ embryos.
This analysis revealed that the ratio was significantly decreased
in the PC domain of NCAM/ sections, compared with the
wild-type ones, although in the FP domain, the ratio was not
statistically significant (Figures 7C and 7D). In this mouse line,
a large amount of axons are still present in the FP at E12.5 due
to the genetic background (C57Black6) and have not yet ex-
perienced FP crossing. This might limit the possibility to
detect moderate differences. Third, using the t-BOC reporter,
we examined the calpain activity in NCAM+/+ and NCAM/
commissural neurons. We found that the proportion of cells
exhibiting high calpain activity (high t-BOC fluorescence) was
significantly decreased by gdnf in the NCAM+/+, but notron 75, 1051–1066, September 20, 2012 ª2012 Elsevier Inc. 1057
Figure 4. gdnf and NrCAM Act Together to Regulate Commissural Axon Guidance
(A) Immunolabeling of transverse sections of E12.5 gdnf/NrCAM embryos showing comparable expression profile of ngn1 and Nf160kD in the different
genotypes.
(B) DCC/Robo3 immunolabelling showing that the global pattern of commissural projections toward the FP is not affected by the gdnf/NrCAM deficiency.
(C and D) Analysis of crossing and postcrossing commissural axon trajectories in open book preparations of the NrCAMmouse line at E12.5 (C) and E13.5 (D).
Number of crystals/number of embryos for E12.5: 63/11 for NrCAM+/+, 35/9 for NrCAM+/, 148/11 for NrCAM/; for E13.5: 70/7 for NrCAM+/+, 57/12 for
NrCAM+/, 55/5 for NrCAM/. The histograms show significant increase of stalling behavior, but not aberrant turning, in the context of NrCAM deficiency.
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Figure 5. Plexin-A1 Levels in Crossing and Postcrossing Axon Domains Are Altered by gdnf and NrCAM Deficiencies
(A and B) Photomicrographs of immunolabeling of PlexA1/Nf160kD in transverse sections of E12.5 embryos from the gdnf mouse line (A) and histogram
(B) showing moderate decrease of the Plexin-A1/Nf160KD ratio in the gdnf-deficient condition. PC, Postcrossing domain (mean ± SEM; *p < 0.05; **p < 0.01;
***p < 0.001; Student’s t test).
(C and D) Illustration and quantification of Plexin-A1 levels in the NrCAM mouse line, showing that NrCAM loss results in modest but significant decrease of
the Plexin-A1/Nf160kD ratio (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; Student’s t test).
(E and F) Analysis of Plexin-A1 levels in the gdnf/NrCAM mouse line. The photomicrographs illustrate the drastic reduction of Plexin-A1, confirmed by the
quantitative analysis (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ANOVA-1 test). Number of sections/embryos: 51/3 for +/+; 51/3 for +/; 25/2 for/. Scale
bars represent 100 mm.
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gdnf/Sema3B Interplay and Commissural ProjectionsNCAM/, condition (Figures 7E and 7F). Similarly, application
of a GFRa1 function-blocking antibody abolished the gdnf-
induced decrease of high t-BOC-labeled neurons (Figures 7G
and 7H). Finally, calpain activity was measured in commissural
tissue dissected from NCAM+/+ and NCAM/ embryos,
exposed to acute stimulation with gdnf and control. The analysis
revealed that gdnf could decrease the endogenous calpain
activity in NCAM+/+, but not in NCAM/, tissue (Figure 7I).
Altogether, these experiments provide evidence that NCAM(E and F) Analysis of axon trajectories in open books of the gdnf/NrCAM mous
the double homozygous and heterozygous embryos at both E12.5 (number of
NrCAM+/, 37/6 for gdnf//NrCAM/) and E13.5 (number of crystals/number
for gdnf//NrCAM/) stages. For (C)–(F), mean ± SEM. *p < 0.05; **p < 0.01;
(G) Illustrations of commissural axon trajectories traced with DiI crystals inserte
the FP. Scale bar represents 100 mm.
Neuand GFRa1 are required for the gdnf-induced regulation of
Plexin-A1 levels and calpain activity in spinal commissural
neurons.
DISCUSSION
We report here that a local source of gdnf in the FP acting
through NCAM, but not RET, regulates the responsiveness
of commissural axons to the midline repellent Sema3B. Gdnfe line at E12.5 (E) and E13.5 (F). Significant turning defects were detected in
crystals/number of embryos: 63/9 for gdnf+/+/NrCAM+/+, 56/7 for gdnf+//
of embryos: 70/7 for gdnf+/+/NrCAM+/+, 115/16 for gdnf+//NrCAM+/, 37/5
***p < 0.001; ANOVA-1 test.
d in the dorsal domain of open book preparations. The dotted lines delineate
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Figure 6. NCAM, but Not RET, Mediates the gdnf-Induced Gain of Responsiveness to Sema3B
(A) Immunolabeling of E12.5 transverse sections with anti-PSA-NCAM and GFRa1 antibodies. NCAM is expressed rather uniformly along precrossing, crossing,
and postcrossing commissural axon segments, while GFRa1 expression is reinforced in crossing segments as shown in themagnified panels. A cfp-RET signal is
detected in the motoneurons and in the dorsal horn, but not in the commissural projections visualized by Robo3 labeling.
(B) Stack of confocal images showing coimmunolabeling of NCAM (green) and GFRa1 (red) in cultured commissural neurons. Patches of NCAM/GFRa1 can be
detected in the soma, the axon, and the growth cone.
(C) Photomicrographs of DiI-traced commissural projections, illustrating the various types of defects observed in the NCAM null embryos.
(D) Histogram of commissural axon trajectories by DiI tracing of E13.5 open books showing that NCAM deficiency induces stalling and aberrant turning behavior
of commissural axons (number of crystals/number of embryos: 41/6 for NCAM+/+, 16/2 for NCAM+/, 52/6 for NCAM/).
(E) Collapse assays on cultured dissociated commissural neurons. Photomicrographs of collapsed and noncollapsed growth cones and histogram showing that
application of function-blocking antibodies to NCAM and GFRa1 abrogated the gain of responsiveness to Sema3B elicited by gdnf and FPcm. Number of growth
cones: 134 for cont, 131 for FPcm, 105 for gdnf, 129 for cont +anti-NCAM, 173 for FPcm/anti-NCAM, 165 for gdnf/anti-NCAM, 180 for cont+anti-GFRa1, 199 for
FPcm/anti-GFRa1, 161 for gdnf+anti-GFRa1; two independent experiments, two coverslips per experiment. For (D) and (E), mean ± SEM; *p < 0.05; **p < 0.01;
***p < 0.001; ANOVA-1 test.
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with NrCAM in the FP to switch on the Sema3B repulsive
signaling by inhibiting calpain1-mediated processing of the
Sema3B coreceptor Plexin-A1. This mechanism prevents axons
responding to Sema3B at the precrossing stage, thus allowing
them to enter the FP, and then switches on sensitivity to Sema3B
at the postcrossing stage (Figure 8).
Gdnf, a Positive Regulator of the Repulsive
Semaphorin Signaling
The navigation of commissural axons across the FP has been
shown to be a complexmultistep process. Upon crossing, axons
acquire responsiveness to local repellents to which they were
not sensitive before crossing, thus gaining the information to
move away (Evans and Bashaw, 2010). Sema3B was shown
by previous work to be one such repulsive cue, expelling
commissural axons that have crossed the midline (Zou et al.,
2000; Nawabi et al., 2010). The gain of responsiveness to
Sema3B was also found to depend on local FP cues, whose
identity remained largely unknown. These cues suppress calpain
activity to restore the Sema3B coreceptor Plexin-A1 (Nawabi
et al., 2010). Our present data support that gdnf is a key regulator
of the activation of the Sema3B repulsive signal. First, gdnf null
embryos exhibit defective commissural axon trajectories con-
sistent with such a function. The lack of precrossing defects
does not support a role of gdnf in attracting commissural axons
toward the FP. Accordingly, in coculture assays, commissural
axons were not attracted by a gdnf source. This is consistent
with studies reporting that Netrin1, Shh, and VEGF mediate
together the attractive property of the FP (Charron and Tess-
ier-Lavigne, 2005; Ruiz de Almodovar et al., 2011). Rather, the
defects of commissural axons in the FP mimic those of
the Sema3B/Plexin-A1 deficiency and are consistent with a
repulsive function of gdnf. Nevertheless, we could not evidence
any direct repulsive activity of gdnf at basal level and/or after
conditioning with FP cues. In contrast, gdnf could confer a
collapse response of commissural growth cones to Sema3B.
Second, at a mechanistic level, the calpain activity that silences
the sensitivity to Sema3B by processing Plexin-A1 could be
suppressed by gdnf. Interestingly, while this property has not
yet been reported for gdnf, other neurotrophic factors such
as BDNF and NT-3 have been shown in recent work to exert
their stimulatory function on axon branching by inhibiting
calpain activity (Mingorance-Le Meur and O’Connor, 2009).
As expected, gdnf application also resulted in an increase of
Plexin-A1 cell surface levels in cultured commissural neurons
and fresh commissural tissue. Moreover, FPcm produced from
gdnf/ embryos loses its regulatory activity on growth cone
behavior, calpain activity, and Plexin-A1 levels.
These findings illustrate a modulatory function for gdnf and an
unexpected crosstalk with the Semaphorin signaling. Initially(F) Histograms of collapse assays with NCAM+/+ and NCAM/ commissur
of-collapse response to Sema3B. Number of growth cones: 395 for NCAM+/+
experiments, two coverslips per experiment.
(G) Histogram of collapse assay with RET-wnt1-flox commissural neurons showi
response to Sema3B. Number of growth cones: 17 forRET+/+ cont, 31 for gdnf; 36
from two distinct embryos (mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; Stu
Neuidentified as a survival factor, gdnf was reported to play addi-
tional important functions in recent years, contributing to the
developmental program of axon growth and navigation. In all
cases, gdnf was found to act as either a neurite growth promoter
or a chemoattractant for subsets of neuronal projections, such
as motor and sensory axons (Schuster et al., 2010; Dudanova
et al., 2010). Here we describe an original model system in
which gdnf contributes by giving repulsive information for the
developing neuronal projections. Contexts other than the FP
exist in which coincident expression of gdnf and guidance
cues has been reported. Interestingly, another major gdnf
source at the dorsal limb was found to cooperate with the
Ephrin signaling to control the dorsoventral choice of motor
branches in their target limb. This context, however, implicates
chemoattractive gdnf activity, which attenuates the repulsive
effect of Ephrin ligands (Dudanova et al., 2010). Nevertheless,
our data suggest that this other major gdnf source could, as
the FP, have an additional function, regulating the responsive-
ness of motor axons to Semaphorin family members, which
form several gradients in the limb and are also known to control
important guidance choices (Huber et al., 2005; Moret et al.,
2007). More generally, this gdnf/Semaphorin3B crosstalk could
also impact on other developmental processes such as oriented
cell migration.
Gdnf-Mediated Regulation of the Semaphorin Signaling
Requires NCAM, but Not RET
Although RET mediates crucial functions of gdnf (Paratcha and
Ledda, 2008), our data provide evidence that the regulation of
commissural axon responsiveness to Sema3B exerted by gdnf
is NCAM, but not RET, dependent. Thus, we could not detect
RET in commissural axons with either anti-RET antibodies or
fluorescent cfp reporter in a RET-cfp mouse line. In contrast,
NCAM distributes along commissural fibers from their initial
growth. The inactivation of RET inWnt1-expressing cells (includ-
ing the dorsal interneuron lineage) did not compromise the
gdnf-induced gain of response of commissural growth cones
to Sema3B. In contrast, the genetic loss of NCAM totally
abolished their sensitivity. In the NCAM null embryos, errors of
commissural axon trajectories were detected in the FP. Although
we cannot formally exclude that these defects result from other
functions of NCAM, they are very similar to those observed in the
gdnf null embryos. In contrast, in the RET f/f wnt1-cre line,
commissural axons tend to stall but commit no obvious guid-
ance errors during FP crossing. Finally, ex vivo and in vitro
assays confirmed that commissural neurons lacking NCAM are
not sensitive to gdnf-induced suppression of calpain activity
and increase of Plexin-A1 levels, further supporting the con-
tribution of NCAM in this mechanism.
From the first study reporting that NCAM is an alternative
receptor for gdnf (Paratcha et al., 2003), several contextsal neurons showing that NCAM deletion abolished the gdnf-induced gain-
cont, 316 for gdnf; 279 for NCAM/ cont, 451 for gdnf; two independent
ng that the growth cones retain their ability to acquire a gdnf-induced collapse
forRET/ cont, 83 for gdnf; two experiments, two coverslips per experiment
dent’s t test). Scale bars represent 100 mm in (A)–(C) and 15 mm in (D) and (E).
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Figure 8. Summary of the Phenotypes and
Model of the Mechanism of Action of gdnf
(A) Summary of the phenotypes of commissural
axons observed in the different mouse lines.
(B) Precrossing commissural axons express
NCAM, GFRa1, and Nrp2 at their surface, but not
Plexin-A1, which is processed by calpain1. Upon
crossing, gdnf secreted by the FP activates the
NCAM/GFRa1 receptor and suppresses calpain1
activity, thus stopping the Plexin-A1 processing.
As a result, Plexin-A1 is present at the cell surface
and assembles with Nrp2 to transduce the
Sema3B signal.
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independently of RET via NCAM. For example, gdnf/NCAM
signaling stimulates Schwann cell migration and cortical neurite
outgrowth (Sariola and Saarma, 2003). Our study identifies the
commissural system as an additional context, which, being
devoid of RET, stands as an interesting model to distinguish
in vivo RET-dependent and RET-independent gdnf functions.
GFRa1, which we found expressed in commissural neurons, is
also a player in this regulation, as its inhibition with a function-
blocking antibody abolished the gdnf/Sema3B crosstalk. GPI-
linked GFRs, which include the specific gdnf coreceptor
GFRa1, have complex functions andmechanisms of action (Par-
atcha and Ledda, 2008). They are indispensable for high-affinity
receptor binding and activation but can play these roles both in
cis and in trans of the transducer receptor, acting on the gdnf
signaling both cell autonomously and non-cell-autonomously
(Sariola and Saarma, 2003). Intriguingly, we observed that
GFRa1 and NCAM expression profiles are not identical in the
spinal commissural projections. Both receptor components are
present in precrossing axon segments, while GFRa1, but not
NCAM, is enriched in crossing axon segments, NCAM having
a broader expression than GFRa1 in postcrossing axon
segments. Thus, several types of receptor platforms could
mediate the action of gdnf in the FP. GFRa1 could first act in
cis with NCAM in the FP and then in trans after crossing to
suppress calpain activity and allow Plexin-A1 expression inFigure 7. NCAM and GFRa1 Are Required for gdnf-Induced Regulation
(A) Histogram of the quantification of Plexin-A1 fluorescence in cultured commissu
NCAM/, neurons.
(B) Photomicrographs illustrating the abrogation of gdnf activity in context of NC
(C) Illustrations of Plexin-A1 (green) and nF160kD (red) immunofluorescence in th
(D) Quantification of the Plexin-A1/Nf160kD ratio in transverse sections of NCAM
domain of NCAM-deficient spinal cord.
(E) t-BOC assays performed in cultures of NCAM+/+ and NCAM/ commissura
proportion of high t-BOC cells over the whole population, showing that it decrea
(F) Photomicrographs illustrating t-BOC fluorescence in living cultures of NCAM
the labeling at cell level, which can be observed in the soma and the axon comp
(G) Histogram of t-BOC assays in cultured commissural neurons treated with anti
t-BOC cell population observed in the untreated condition.
(H) Photomicrographs of t-BOC assays showing that function blocking of GFRa1
(I) Histogram of a representative experiment measuring endogenous calpain activ
control and gdnf. Gdnf decreases calpain activity in the NCAM+/+, but not NC
Student’s t test. Scale bars represent 15 mm in (B) and 100 mm in (C), (F), and (H
Neucommissural axons. Alternatively, GFRa1 could act in cis only,
thus limiting in space the spectrum of the gdnf effect. Profound
investigations of the compartmentalization of the different
receptor components along commissural axon segments and
their dynamics during the process of FP crossing are needed
to elucidate these issues.
Cooperation of gdnf and NrCAM
In our previous work, we started investigating the nature of FP
cues triggering the responsiveness of commissural axons to
Sema3B. We showed that a restricted source of NrCAM in the
FP contributes to this process (Nawabi et al., 2010). The present
study provides insights into the physiological contribution of FP
gdnf and NrCAM. We found that the two active components
were equally competent to regulate the Plexin-A1/Sema3B
signaling in vitro, inhibiting calpain activity and restoring
Plexin-A1 expression in commissural neurons. Our study of the
different mouse lines confirmed that gdnf- andNrCAM-mediated
regulations of Plexin-A1 take place during commissural axon
guidance at the FP. Nevertheless, this analysis does not allow
us to determine the nature of the links between NrCAM and
gdnf cues, perhaps because the method is not sufficiently sensi-
tive. Removal of two gdnf alleles or two NrCAM alleles or one
allele of both genes all resulted in equivalent decrease of
Plexin-A1 levels. The decrease was additional when the two
alleles of both genes were removed.of Plexin-A1 Levels and Calpain Activity
ral neurons, showing that gdnf increased Plexin-A1 levels inNCAM+/+, but not
AM deficiency. White arrows highlight the axon shaft.
e ventral spinal cord of NCAM+/+ and NCAM/ embryos.
+/+ and NCAM/ E12.5 embryos, showing decrease of the ratio in the PC
l neurons exposed to control and gdnf application. The histogram depicts the
sed in the gdnf-treated NCAM+/+, but not NCAM/, population.
+/+ and NCAM/ commissural neurons. The magnification panels highlight
artment depending on the condition.
-GFRa1 antibody, showing that it abolished the gdnf-induced reduction of high
compromises the gdnf regulatory effect on calpain activity.
ity in commissural tissue from NCAM+/+ and NCAM/ embryos, treated with
AM/, tissue. For (A)–(G), mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001;
).
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informative on this question, because invalidation of NrCAM
and gdnf in mice resulted in different defects of commissural
axon guidance. NrCAM loss induces a stalling of commissural
axons at E12.5, which is still present at E13.5. In contrast, gdnf
loss induces stalling at E12.5, which does not persist at E13.5
but is replaced by aberrant turning. The stalling is not due to
alteration of NrCAM in the gdnf knockout embryos as the
patterns of NrCAM transcripts are similar in the gdnf+/+ and
the gdnf/ embryos (Figure S1B). While single NrCAM defi-
ciency does not impact on the turning, deletion of NrCAM in
the gdnf null context aggravates the defects, because aberrant
turning only detected at E13.5 in the single gdnf null embryos
is already present at E12.5 in the double mutants. Moreover,
removal of only one allele of each gene also induces a more
severe phenotype (with turning defects present at E12.5) than
removal of both gdnf or both NrCAM alleles. The existence of
a significant interaction between gdnf and NrCAMwasmoreover
confirmed by ANOVA-2 test. Finally, our in vitro simulation of
hemizygocy showed that 2-fold dilution of the optimal concen-
tration of gdnf and NrCAM resulted in a significantly greater
Sema3B-induced collapse response than the optimal concen-
tration of just one cue. Altogether, these data support a model
whereby gdnf and NrCAM act together to control the acquisition
of a repulsive response to Sema3B, which contributes to guide
commissural growth cones across the FP.
Additional investigations are required to define the exact con-
tribution of each cue, which could underlie the distinct outcome
of their invalidation in mice. Several hypotheses can be drawn.
First, apart from regulation of Plexin-A1 levels, additional
signaling differences between the two cues might be at play to
explain the differences. For example, the prominent stalling
observed in context of NrCAM deficiency could reflect a contri-
bution of NrCAM in contact interactions engaging the growth
cone with FP cells, as reported in the chick model (Stoeckli
and Landmesser, 1995). Second, distinct expression levels
and/or distribution profiles of NrCAM and gdnf could concen-
trate their action at a distinct step of the FP crossing. Likewise,
NrCAM loss could essentially affect commissural axon guidance
within the FP where the cue might be highly concentrated,
whereas gdnf loss would also affect the turning decision at the
FP exit, due to larger range of diffusion. Third, in the NrCAM-
and gdnf-deficient embryos, the duration of FP crossing could
differ. NrCAM loss could slow down the progression of the
growth cone, allowing longer exploration and favoring appro-
priate turning choices. Conversely, in context of gdnf loss, the
progression could be unaffected, favoring turning errors. Finally,
a hierarchy between gdnf and NrCAM could exist, with NrCAM
being only required for reinforcing the gdnf action very locally
within the FP, where the sensitization process is taking place.
Whatever the case, our study identifies unexpected coopera-
tion between a cell adhesion molecule and a neurotrophic
factor in the regulation of axon path finding. It also provides
evidence supporting that complex interplays between different
molecular signaling are crucial for the control of guidance
choices at critical steps of axon navigation, such as midline
crossing. Finally, Shh was reported in previous work to activate
the Sema3B midline signaling (Parra and Zou, 2010). In our1064 Neuron 75, 1051–1066, September 20, 2012 ª2012 Elsevier Incneuronal cultures, Shh application failed to confer a Sema3B-
induced collapse response of commissural neurons. Our ob-
servation that the loss of both gdnf and NrCAM fully recapitulate
the spectrum of phenotypes resulting from Sema3B/Plexin-A1
deficiency indicates that gdnf and NrCAM are the major triggers
of the repulsive Sema3B midline signaling. Thus, if Shh plays
a role in this regulation, then it might not be able to compensate
in vivo the lack of NrCAM and/or gdnf, as its expression pattern
was not altered by gdnf and NrCAM deficiencies (Figure 1H,
Figure S3D).
EXPERIMENTAL PROCEDURES
Genotyping of Mouse Lines
Genotyping ofNrCAMmouse line was performed as described in Sakurai et al.
(2001). For the other lines we used the following probes, for gdnf: 658R50
TGCCTCTGCCTCCGCCATCT–30; LACZST 50CGCATCGTAACCGTGCATCT
GCCAGTTTGA–30; for gdnf 166 50 – ATT TTA TTC AAG CCA CCA TT –30; for
NCAM: NCAM KO and WT GCT-CAT-GTT-CAA-GAA-TGC-ACC, NCAM WT
CCT-CAG-GTA-TTA-TGG-TGT-TGG, NCAM KO ATC-CAT-CTT-GTT-CAA-
TGG-CCG.
Western Blot and Dot Blot
Spinal cords from E12.5 embryos were prepared in an open book configura-
tion. Dissected tissues were lyzed for 30 min at 4C. Samples were analyzed
by western blot, using anti-Plexin-A1 (1/1,000, AbCAM) and anti-b-actin
(1/1,000, Sigma) antibodies, as described in Nawabi et al. (2010). For dot
blot, the samples were spotted on a nitrocellulose membrane and probed
with anti-gdnf antibody (1/500, R&D).
Cultures of Dissociated Neurons, Preparation of FPcm, Collapse
Assay, and Cocultures
FPs were isolated from E12.5 embryos and cultured in three-dimensional
plasma clots in Neurobasal medium (GIBCO). The supernatant was collected
after 48 hr. For producing regular FPcm, four isolated FPs were grown in 500 ml
of medium. For production of the FPcm from the gdnf mouse line, due to the
limitations of obtaining more than one homozygote per littermate, one FP
was placed in 250 ml of medium and was thus diluted by 2-fold, compared
with the regular FPcm. The FPs from the different gdnf genotypes were
collected from the same littermates and produced concomitantly and diluted
the same way.
For collapse assay, dorsal spinal cord tissues from E12.5 embryos were
dissociated and cells were plated onto polylysin- and laminin-coated glass
coverslips in Neurobasal supplementedwith B27, Glutamine (GIBCO), and Ne-
trin-1 (R&D) medium. After 1 or 2 days in vitro, neurons were incubated with
control or FPcm or different molecules for 1 hr at 37C. Then Sema3B-AP
was added to cultures for 30min at 37C.Cells were fixed in paraformaldehyde
(PFA) 4% in PBS/1.5% sucrose and labeled with phalloidin-TRITC (1/500,
Sigma). Collapsed growth cones were scored as in Falk et al. (2005). Statistical
comparisons were done with ANOVA-1 test, *p < 0.05, **p < 0.01, ***p < 0.001.
Results from three to ten independent experiments with at least 80 cones per
experiment were pooled for the analysis. For coculture experiments, HEK293T
cells were transfected with plasmids encoding either Sema3B-Alcaline Phos-
phatase fusion protein gdnf or control Alcaline Phosphatase. Cell aggregates
were cocultured with dorsal spinal cord tissues cut into explants in Neurobasal
medium (GIBCO) supplemented with B27 (GIBCO), glutamine (GIBCO), and
Netrin-1 (R&D) medium. GDNF (400 ng; Sigma) was added twice to the culture
medium. Cocultures and spinal cord explants were grown for 48 hr, fixed in 4%
PFA, and stained with anti-Nf160kD antibody. As described in Falk et al.
(2005), a qualitative guidance index was attributed to the cocultures to assess
the degree of repulsive (negative values) or attractive (positive values) effects.
The index ranged from 2 (when most fibers grew away from the aggregate)
to +2 (when most of the fibers grew toward the aggregate), with intermediate
situations (index of 1 and +1 for moderate guidance effects). An index of
0 was attributed to the cultures showing no preferential growth..
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Weprepared 20 mmcryosections covering the entire spinal cord from embryos
fixed in 4% paraformaldehyde, embedded in 7.5% gelatin, 15% sucrose in
PBS, and incubated over night at 4C with the following antibodies: Plexin-
A1 (1/100, AbCAM), Neurofilament 160 kDa (1/100, RMO Zymed), Ngn1
(1/100, Santa-Cruz), Robo3 (1/100, R&D), DCC (1/100, BD), GFRa1 (1/100,
R&D), PSA-NCAM (1/100, DSHB), and secondary antibodies Alexa 594, Alexa
488 (1/500, Invitrogen), and Fluoroprobe 546 (1/100) with bisbenzimide
(1/2,000, Promega). For lacZ staining, spinal cord open books were prepared,
fixed in 4% PFA, and incubated with 5 mM Ferro/Ferri cyanide, 2 mM MgCl2,
and 1mg/ml X-Gal in PBS at 37C and the reaction was stopped in PBS. Chro-
mogenic immunostaining and in situ hybridization was performed as described
in Moret et al. (2007). Nuclei were stained with bisbenzimide (Promega) and
actin with TRITC-phalloidin in neuronal cultures.
DiI Staining on Spinal Cord ‘‘Open Books’’
Spinal cords were dissected from E12.5 and E13.5 embryos of the gdnf
NrCAM, NrCAM/gdnf, NCAM, and RET-wnt-flox mouse lines and prepared
in an ‘‘open book’’ conformation and fixed in 4% PFA overnight. Small crystals
of DiI (Invitrogen) were inserted in the dorsal part of one hemicord. Axon trajec-
tories were observed using fluorescence microscopy after 48 hr.
Analysis of Calpain Activity and Plexin-A1 levels
Isolated dorsal spinal cord fresh tissue was incubated for 1 hr at 37C with
control, FPcm, or gdnf and treated according to manufacturer’s instructions
(Calbiochem). Calpain activity was measured by fluorogenic activity (Victor 3
multilabel counter, Perkin Elmer). For t-BOC assays, dorsal spinal cord tissues
from E12.5 embryos were dissociated, and cells were plated into polylysin-
and laminin-coated glass coverslips in Neurobasal medium (GIBCO) supple-
mented with B27 (GIBCO), glutamine (GIBCO), and Netrin-1 (R&D) medium.
After 2 days in culture, neurons were incubated with control, FPcm, or gdnf
for 1 hr at 37C. Neurons were then treated with t-BOC (10 mM; Invitrogen)
for 30 min at 37C; staining was observed immediately over 20 min maximum.
For the analysis, images from all conditions were collected with the same
settings. Using ImageJ, a constant threshold was applied to all images to
collect the high t-BOC cell population over the whole population, which was
quantified in phase contrast. Tomeasure Plexin-A1 levels, we treated neuronal
cultures with control, FPcm, or gdnf and processed for immunohistochemistry
with anti-Plexin-A1 antibody and phalloidin. Images of individual neurons
were taken and the Plexin-A1 fluorescence was quantified using ImageJ
software. To measure Plexin-A1 levels in vivo, transverse sections were per-
formed and processed for immunohistochemistry with anti-Plexin-A1 and
anti-Nf160kD antibodies. The fluorescence was quantified using ImageJ
software into the FP and the two adjacent PC domains and normalized to
the selected area.
Statistical Analysis
One-way ANOVAs were performed using Sigmaplot statistic package and
specific differences between groups were confirmed with Bonferroni t test
for DiI analysis and Tukey t test for assays of collapse, t-BOC, and Plexin-A1
levels. Statistics on coculture experiments were done using Mann-Whitney
U test.
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